Background: Regular exercise protects against coronary heart disease (CHD) events and improves vascular reactivity. Exercise effects on myocardial flow reserve (MFR) are not well studied.
INTRODUCTION R
EGULAR EXERCISE HAS BEEN ASSOCIATED with improved cardiovascular outcomes and has been shown to improve vascular reactivity. 1, 2 We hypothesized that the beneficial effects of regular exercise would be associated with improved vascular reactivity, as measured by maximal myocardial blood flow (MBF) and myocardial flow reserve (MFR), when compared with individuals who did not engage in regular exercise. Because invasive coronary flow measurements are difficult to justify in healthy subjects, we sought to use a noninvasive technique to measure microcirculatory vascular reactivity and MBF.
MATERIALS AND METHODS
Subjects included postmenopausal (without menses for Ն12 months) women with at least one coronary heart disease (CHD) risk factor (n ϭ 16).
Study subjects were recruited from the VA Ann Arbor Women's Health Clinic or through community newspaper advertisement. Subjects were excluded if they had evidence of CHD, recent (Ͻ3 months) initiation of lipid-lowering therapy or use of hormone replacement therapy (HRT), inability to discontinue vasoactive medicines for 24 hours prior to positron emission tomography (PET), and inability to give informed consent. All subjects underwent dobutamine stress echocardiography to exclude CHD. Each woman recruited for the study provided information about her health and activities, including marital status, education level, employment status, alcohol intake, weight, weight changes, dietary habits, menstrual history, and physical activity. Physical activity was assessed using a modified Paffenbarger Physical Activity Questionnaire, which has been used by members of our research group in the past. 3, 4 Women were required to note the physical demands of their usual daily activity (not at all, partly, moderately, or very demanding), answer yes or no to the question, "At least once a week, do you engage in any regular physical activity (brisk walking, jogging, bicycling, etc.) long enough to work up a sweat?" and give the number of times per week and number of minutes per time. The women were further asked to note how many flights of stairs climbed per day, how many city blocks walked each day, how many years they had engaged in regular exercise, and during which seasons they performed regular exercise. For the purposes of the present analysis, women were divided into two categories based on their answers to the questions: those who reported exercise of at least 30 minutes per day at least twice per week continuously throughout the year, and those who reported less than that amount of physical activity. All subjects underwent dynamic PET. MBF was measured using a three-compartment model at rest, during cold pressor testing (CPT), and after adenosine infusion in order to determine baseline, sympathetic stimulus-dependent, and maximal flows, respectively. The study protocol was approved by the institutional review boards of the University of Michigan and the Ann Arbor Veterans Affairs Medical Center. The study was also approved by the Radiation Safety Committee. Each subject gave informed consent. PET studies were acquired, processed, and analyzed as has been previously reported. 5 MBF was measured at rest, during CPT (in order to measure blood flow during sympathetic stimulation), and after intravenous (i.v.) adenosine infusion in order to measure maximal flow. MFR was defined as the ratio between MBF in response to adenosine and MBF at rest.
Summary statistics of groups are presented as mean Ϯ standard deviation (SD). A two-tailed Student's t test was used to compare values between groups. All variables were plotted to determine whether or not they were normally distributed. For variables that were not normally distributed (triglycerides and high-density lipoprotein [HDL]-cholesterol), a two-sample Wilcoxon rank sum test was used to compare the values between groups. Pearson correlation coefficients were calculated for continuous variables. A chi-square or Fisher's exact test was used to compare discrete variables, as appropriate; p values Ͻ0.05 were considered significant. All analyses were performed with the SPSS for Windows, version 11.0 statistics package, (SPSS, Chicago, IL).
RESULTS
Sixteen women were enrolled and underwent N-13 ammonia PET studies at rest, with CPT, and with adenosine. Health questionnaire data were available from all. Lipid levels were available in 15 women.
The mean age of the 16 women was 60 Ϯ 6 years. Other CHD risk factors and medication use are summarized in Table 1 . In the study group as a whole, 5 of the 16 women had two CHD risk factors, 5 had three risk factors, 5 had four risk factors, and 1 had six risk factors. Breakdown by physical activity group is given in Table 1 .
Myocardial blood flow rose significantly after adenosine infusion and did not change significantly from rest during the CPT. Blood flow and cardiac workload values for each subject are shown in Table 2 . Mean rate pressure product (RPP), MBF and MFR are shown in Table 3 . With the exception of low-density lipoprotein (LDL)-cholesterol, which was paradoxically higher in the active group (possibly due to somewhat higher triglycerides in the inactive group, which would reduce calculated LDL values), we found no correlation between traditional risk factors in our population (total cholesterol, LDL, HDL, triglycerides, smoking, hypertension, family history of premature CHD, and diabetes) and MBF measurements. Weight and dieting history were found to correlate significantly with MBF during CPT, as we have previously reported. 6 We fur-ther found that cardiac medication use (which was infrequent in our population) did not significantly predict MBF values. We also found no significant association between self-reported moderate physical activity and endothelium-dependent MBF in response to CPT (0.91 Ϯ 0.23 vs. 1.12 Ϯ 0.33, p ϭ 0.20). However, women who reported regular, at least moderate physical activity had a significantly higher percentage increase in maximal, adenosine-induced MBF and, consequently, a significantly higher MFR than those who did not report regular exercise (Fig. 1) . This was due to higher resting MBF in the inactive group as well as lower adenosine-induced MBF in these women. There was no significant difference in weight between those who exercised regularly and those who did not (172 Ϯ 28 vs. 179 Ϯ 28 lbs, p ϭ 0.6). a RPP, rate pressure product (maximal heart rate ϫ maximal systolic blood pressure); MBF, myocardial blood flow in mL/kg/min; CPT, cold pressor test; MFR, myocardial flow reserve.
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DISCUSSION
In the present study, self-reported, moderate or greater regular physical activity was associated with a significantly higher percentage increase from rest in adenosine-induced MBF and, consequently, a significantly higher MFR, when compared with results in sedentary women. Adenosine effects on the myocardium can be characterized as a composite index of vascular reactivity. CHD risk factors, such as hypercholesterolemia, hypertension, smoking, family history of premature CHD, and obesity, have all been associated with impaired vascular reactivity, indicating abnormal endothelial function. [7] [8] [9] [10] [11] [12] Exercise has been shown to improve endothelium-dependent vasodilation in large resistance blood vessels. 2 In one study of PET-derived MBF and MFR in individuals with cardiovascular disease (CVD) who participated in an intensive program of diet and exercise, resting cardiovascular workload and MBF decreased, whereas maximal blood flow increased, leading to significant improvements in MFR. 13 Furthermore, individuals who are moderately physically fit have lower CVD mortality rates when compared with low fitness level individuals, no matter what other combination of CHD risk factors they may have. 1 One analysis that stratified both men and women into low, moderate, and high levels of fitness on the basis of maximal treadmill exercise testing detected death rates per 10,000 woman-years of 40, 16, and 7 for women in each fitness level, respectively. 14 The American Heart Association has labeled physical inactivity a major risk factor for CVD, and has endorsed moderate physical exercise as one part of a lifestyle strategy designed to lower cardiovascular risk. 15 Our study lends further support to this recommendation by providing a potential mechanism of benefit, namely, improved MFR. MFR has been shown by others to be a strong, independent predictor of cardiovascular events and mortality in several patient groups. Schächinger et al. 16 invasively measured coronary flow reserve in response to acetylcholine in cardiac catheterization patients and found that impaired responses predicted increased CHD events. Cecchi et al. 17 studied patients with hypertrophic cardiomyopathy using PET in combination with dipyridamole infusion and found that impaired MFR predicted adverse cardiovascular outcomes and death. 17 
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Study limitations
Our results are limited by the cross-sectional design, which does not allow us to assume a causal relationship between physical activity and MBF. Our questions concerning physical activity were qualitative and imprecise and relied on subjects' recall. However, the questionnaire we used has been validated and is widely used. Our study population consisted mainly of a relatively inactive, overweight and obese population with multiple risk factors for CHD. Certainly, individuals who do not exercise are more likely to be overweight or obese, so it is almost impossible to completely separate the impact of overweight and obesity from physical activity. We did not include a sufficient number of age-matched athletes or subjects who did not have CHD risk factors. Another limitation is our small sample size, which did not allow us to adequately correct for multiple variables or to show significant correlations between MBF and traditional CHD risk factors.
CONCLUSIONS
Our findings suggest that moderate physical activity is associated with greater MFR in healthy postmenopausal women with risk factors for CHD because of decreased resting cardiovascular workload and blood flow and increased maximal MBF. As a result, moderate physical activity may improve prognosis in these women with respect to long-term cardiovascular events and mortality. Our study provides further mechanistic support for the beneficial cardiovascular effects of exercise.
